Introduction

S
taphylococcus aureus is a common pathogen associated with soft tissue infections, and more severe infections such as endocarditis, osteomyelitis, and bloodstream infections. The therapeutic choice in severe infections is often vancomycin, especially for methicillin-resistant S. aureus (MRSA).
Since 1997, when the first strains with reduced susceptibility to vancomycin intermediate S. aureus (VISA) were reported in Japan, 17 there has been an increasing concern about the emergence of this phenotype around the world.
Heterogeneous VISA (hVISA) are defined as strains with minimal inhibitory concentrations (MICs) in the susceptible range (MIC £ 2 mg/ml), but containing subpopulations of cells in the vancomycin-intermediate range (VISA, MIC 4-8 mg/ ml). 6 These strains have been described for both MRSA and methicillin-susceptible S. aureus (MSSA) respectively. 1, 35 hVISA strains appear to be an early stage in the development of VISA and have been related to persistent bacteremia, greater rates of complications, and vancomycin treatment failure. Some authors consider that this phenotype could be responsible for treatment failure, whereas others have proposed that it has arisen as a consequence of treatment failure and prolonged vancomycin exposures. 18 As hVISA strains enter the susceptible range by MIC conventional methods such as microdilution, clinical laboratory detection is very difficult. So far, the gold standard is the population analysis profile-area under the curve (PAP-AUC) method, but it is cost-and time consuming, and labor intensive. Other methods such as macro Etest and screening plates have been described but none of them has the sensitivity and specificity of the PAP-AUC method.
The prevalence of hVISA varies depending on the geographic location, the population under study and the methodology applied. 29, 34, 46 Because of the multiplicity of tests and the lack of standardized procedures, it is difficult to compare results between studies. There has been special interest in vancomycin MIC creep and treatment outcomes over the years. 18, 22, 37 Recently, we have reported a case of endocarditis due to hVISA infection in the Hospital de Clínicas José de San Martín, a teaching hospital of Buenos Aires, Argentina. 35 A few months later, in the same institution, another hVISA appeared, generating concern (described in XX-Congreso Latinoamericano de Microbiología; Montevideo-2010, unpublished data). The Hospital de Clínicas José de San Martín is a 500-bed general hospital, is the main hospital of the University of Buenos Aires, and receives patients from all over the country. Despite the few cases reported in Argentina, 35, 42, 43 the prevalence, molecular epidemiology, and clinical significance of hVISA strains in our country are unknown because no standardized epidemiological studies have been performed. This information is necessary to decide the antibiotic therapy in patients with long-term vancomycin treatment. It is also necessary to have an appropriate method or a combination of methods suitable for accurate and easier detection of hVISA in clinical settings.
This study had three main objectives: (i) to define the prevalence and evaluate different methods to detect the hVISA phenotype among S. aureus bacteremia in a teaching hospital; (ii) to evaluate the genotypic characteristics of MRSA bloodstream isolates exhibiting the hVISA phenotype, and (iii) to assess the clinical significance of the hVISA phenotype in patients with bacteremia by S. aureus.
Materials and Methods
Isolates and study design A prospective observational study was designed to evaluate the prevalence, phenotypic and molecular features of hVISA strains from all S. aureus isolates recovered from bloodstream infections at Hospital de Clínicas José de San Martín, between August 2009 and November 2010. Only one isolate from each patient was included in the analysis, but isolates from subsequent blood samples obtained from patients with multiple episodes of bacteremia were also stored for vancomycin susceptibility testing. Persistent bacteremia was defined as that lasting 7 days or more, despite administration of antibiotic to which the isolate was susceptible to in vitro, whereas recurrent bacteremia was defined as the return of S. aureus subsequent to documentation of negative blood cultures or clinical improvement, after completing a course of antistaphylococcal therapy. The study was approved by the Institutional Review Board.
All blood cultures were analyzed using BacT/ALERT Ò (BioMerieux, Inc., Durham, NC) and all S. aureus isolates were identified by standard methods.
Susceptibility testing
MIC to antimicrobial agents (oxacillin, cefoxitin, gentamicin, erythromycin, clindamycin, tetracycline, trimethoprim/ sulfamethoxazole, ciprofloxacin, tigecycline, rifampicin, vancomycin, teicoplanin, and linezolid; all from Sigma-Aldrich, St Louis, MO) was determined by the agar dilution procedure PAP-AUC method PAP-AUC was performed for strains displaying at least two positive results on different screening assays/screening media. Briefly, serial 10-fold dilutions of cultures were plated onto increasing concentrations of vancomycin BHI agar (0, 0.25, 0.5, 1, 1.5, 2.0, 3.0, 4.0, 6.0, 8.0, and 10 mg/ml) (Difco BD). Colony growth at 48 hr was counted and viable count (log10 CFU/ml) was plotted against vancomycin concentration using GraphPad Prism Software. S. aureus ATCC 29213 (VSSA), Mu50 (VISA), and Mu3 (hVISA) were included. The AUC was measured for each sample and the ratio of test isolate AUC/mean Mu3 AUC was calculated. As described by Wootton et al., the criteria to define hVISA and VSSA were a PAP/AUC ratio ‡ 0.90 and a PAP/ AUC ratio < 0.90 respectively. 49 PCR identification of mecA, lukS/F-PV, SCCmec, and agr types Detection of mecA and PVL encoding genes (lukS/F-PV) was attempted after extraction of genomic DNA for all MRSA isolates as previously described. 47 SCCmec types were determined by PCR with a simplified version of Kondo's typing system, including M-PCR-1 and M-PCR-2. 25 In specific cases, SCCmec typing was performed as recommended by Oliveira and de Lencastre, 33 and SCCmec IV NV characterization using primers described by Sola et al. 43 The agr locus was genotyped by multiplex PCR, as previously described. 15 Genetic analysis by pulsed-field gel electrophoresis, multilocus sequence typing, and spa typing Genotyping analysis was conducted using pulsed-field gel electrophoresis (PFGE) with SmaI, as previously described. 5 The PFGE fingerprints were compared by the unweighted pair-group method with arithmetic mean (UPGMA) clustering analysis, applying the Dice correlation coefficient. MRSA clones previously described in Argentina were included in the PFGE pattern analysis. 8, 13, 41 Multilocus sequence typing (MLST) was performed for representative isolates of the main pulsotypes. 7 Confirmed hVISA strains were also studied by spa typing 16 and MLST.
Statistical analysis
p-Values were calculated by w 2 Yates test and Fisher's exact test for categorical variables. A p-value < 0.05 was considered significant.
Results
Antimicrobial susceptibility and molecular characterization of isolates
Forty-eight out of the 92 (52.2%) patients with S. aureus bacteremia included in the study were infected by MSSA, whereas 44 (47.8%) were infected by MRSA. Table 1 compares the antimicrobial resistance rates of MSSA and MRSA among S. aureus blood isolates. MRSA isolates were more likely to be resistant to gentamicin, erythromycin/ clindamycin, and ciprofloxacin ( p < 0.0001). As revealed by the D-test, in the MSSA group, 9/9 erythromycin-resistant isolates displayed inducible clindamycin resistance. By contrast, in the MRSA group, only 5/26 erythromycinresistant isolates displayed the inducible phenotype, 1/26 was negative by the D-test, and the remaining isolates (20/ 26) showed constitutive clindamycin resistance. All isolates were susceptible to linezolid, tigecycline, vancomycin, and teicoplanin.
The molecular characterization of the MRSA group revealed 43/44 isolates harboring the mecA gene. The most frequent SCCmec types were SCCmec I and IV (41.8% and 39.5% respectively) and the most frequent agr group among them was the agr group II (53.5%). Only 13/44 (29.5%) harbored the PVL coding genes (lukS/F-PV), and all PVL-positive isolates also harbored SCCmec IVc or SCCmec IVa.
PFGE analysis revealed that 14/18 MRSA isolates carrying SCCmec I corresponded to the Cordobés clone (pulsotype D-ST5-SCCmec I). 12, 41 Most isolates carrying SCCmec IV were related to the main community-acquired MRSA (CA-MRSA) clones described in Argentina: pulsotype C (ST30-SCCmec IVc) and pulsotype A (ST5-SCCmec IVa) (nine and five isolates respectively) ( Table 2) . 8, 11, 13, 31, 43 Vancomycin susceptibility and prevalence of hVISA Vancomycin susceptibility analysis included 104 clinical isolates recovered from 92 patients with one or more episodes of bacteremia by S. aureus. Eleven patients had suffered multiple episodes of bacteremia (2 of them suffered persistent bacteremia and 9 recurrent bacteremia).
No VISA (vancomycin MIC from 4 to 8 mg/ml) or vancomycin-resistant (MIC ‡ 16 mg/ml) S. aureus strains were detected by agar dilution MIC or Etest. All isolates were susceptible to teicoplanin with MIC £ 4 mg/ml. By agar dilution, vancomycin MIC 90 was 1 mg/ml (range 0.5-2 mg/ml), while by the Etest, MIC 90 was 1.5 mg/ml (range 0.38-2 mg/ml).
Eleven isolates were considered to be hVISA because they were positive by at least two screening assays (including screening plates, Macro Etest, and prediffusion methods), and subsequently analyzed by the PAP-AUC method. Only three were confirmed as hVISA. Two hVISA strains were MRSA, while the other was a MSSA strain (Table 3 ). All hVISA isolates displayed Etest MIC > 1 mg/ml.
Twenty-seven isolates grew on at least one screening assay/medium. Screening plates were tested with two different inocula. Using 10 ml (0.5 McFarland for BHI screening plates and 2.0 McFarland for MHAT5 screening plates), we found 19 positive isolates with MHAT5 (one of them confirmed as hVISA), 15 positive isolates with BHIV3 (two of them confirmed as hVISA), and 2 positive isolates with BHIV4. On the other hand, using 1 ml, only one isolate was positive with MHA5T and three with BHIV3 (one of them confirmed as hVISA). No single isolate was positive with BHIV5 or BHIV6 at any condition.
The macro Etest successfully detected 3/3 hVISA isolates, whereas the prediffusion method detected four presumable hVISA, being only two confirmed by PAP-AUC (Table 3) . Considering the type of bacteremia, the three cases were distributed as follows: 2/11 patients had suffered multiple episodes of bacteremia (both hVISA strains recovered in the second episode), while only 1/81 patients had suffered a single episode of bacteremia with hVISA infection. These results indicate that hVISA isolation was significantly associated with multiple episodes of bacteremia ( p = 0.037).
In patient 1, isolates were recovered from persistent bacteremia. The patient suffered endocarditis secondary to a catheter-related bacteremia, and did not undergo surgery. The patient had no prior S. aureus infection and no history of treatment with vancomycin. Isolate 55703 (hVISA) was recovered after vancomycin treatment, and exhibited a higher PAP/AUC ratio than the first blood culture isolate (55603, VSSA). By contrast, patient 2 had prior S. aureus infection and history of vancomycin treatment. This case was a recurrent bacteremia and isolate 55343 was recovered from blood culture without a known source. Isolate 55576 (hVISA) was recovered after vancomycin treatment failure, and also exhibited a higher PAP/AUC than the first isolate (55343, VSSA). Both patients 1 and 2 died. The clonality of the isolates recovered before and after vancomycin treatment was demonstrated by PFGE (Fig. 1) . In patient 3, the isolate recovered (53079) corresponded to a MSSA single bacteremia secondary to parotiditis, which, after treatment with b-lactams, had a good clinical outcome.
As revealed by MLST, PFGE macrorestriction analyses, and spa typing, hVISA strains were genetically unrelated (Table 4) . Isolate 55703 (ST5-SCCmec I-agr II, luk-PV negative) was characterized as spa t149-pulsotype D, revealing that this isolate is a subtype of the Cordobés clone, previously described as prevalent in this hospital. 12 Isolate 55576 (ST100-SCCmec IV NV , -agr II-luk-PV negative) was spa t002-pulsotype B, had a Tn4001 insertion into the class B mec complex, and is related to the Argentine pediatric clone. 43 Isolate 53079 was MSSA spa t267 and belonged to ST97, a sequence type predominant in bovines with mastitis and also described in Argentina causing osteomyelitis. 28 
Discussion
In this study, we describe for the first time the prevalence and molecular characterization of hVISA isolates in a teaching hospital of Buenos Aires (Argentina) during [2009] [2010] . No VISA isolate was recovered, and the rate of hVISA was 3.3% of the S. aureus bloodstream infections (4.5% of MRSA). This is a low prevalence value when compared with results obtained by other researchers. In an Italian multicenter surveillance study conducted between 2007 and 2009, the frequency of hVISA was 19.5%. 3 A higher rate (47.8% of MRSA) was reported by Horne at Austin Hospital (Australia) during 2005-2006 considering all clinical specimens. 19 However, the rate found in our study is similar to that described for blood culture isolates in Taiwan. 29 As reviewed by Howden et al., changes in hVISA can occur over time within specific institutions. 20 In Argentina, hVISA strains were described in 2009 for the first time, one of them in our institution (Hospital de Clínicas). 35, 42 Considering the changing epidemiology of S. aureus and the impact of local antibiotic use politics it is difficult to predict future trends; so further surveillance epidemiological studies in this center as well as in other institutions of our country need to be conducted.
The selection of an optimal laboratory screening test for hVISA remains to be difficult. Difficulties are mainly based on the differences experienced by researchers in terms of specificity, sensitivity, and population under study. Different screening plates have been extensively studied in terms of specificity and sensitivity, 20 but ultimately all presumable hVISA isolates should be confirmed by PAP-AUC. In our hands, none of the screening plates detected all three hVISA described in this study. BHIV3 detected two of them, but, as previously described, it has a high false positive rate. 26 Two isolates were detected as presumable hVISA by MHAT5 and teicoplanin prediffusion tablets, but not by vancomycinbased screening tests, and PAP-AUC revealed that these isolates were not hVISA. Isolates exhibiting a reduction in teicoplanin susceptibility may not always display a reduction in vancomycin susceptibility.
Macro Etest has been proposed as an accurate method to detect hVISA. Surprisingly, while the manufacturer's breakpoint is 8 mg/ml, the highest value among all clinical isolates recovered in our study, including the three hVISA strains was 6 mg/ml. Only one isolate, which was not confirmed as hVISA by PAP-AUC, exhibited macro Etest result of 6 mg/ml, and was negative by other screening tests (data not shown). The prediffusion method has been described for the detection of colistin-resistance, daptomycin-nonsusceptible strains, and the hVISA/VISA phenotype. 2, 23, 32 Although this screening method is not expensive and might represent a simpler alternative for hVISA detection in clinical laboratories, it has not been extensively evaluated. Despite the two false positives, we had acceptable results with the prediffusion method (2/3 hVISA isolates detected).
Our results show that macro Etest with a breakpoint ‡ 6 mg/ ml (lower than the value proposed by the manufacturer) could a CAA clone, community-acquired MRSA described in Argentina (PFGE A, ST5-IV).
14 CC, clonal complex.
DI GREGORIO ET AL.
be used to predict likelihood of hVISA in laboratories where PAP-AUC testing is not performed routinely, especially in cases of persistent/recurrent bacteremia. Alternatively, prediffusion method should be considered a very good option as the cost of the tablets is comparatively convenient. The three hVISA isolates identified in this study presented vancomycin MIC values ‡ 1.5 mg/ml by the Etest. In agreement with various reports, hVISA isolates displayed vancomycin Etest MIC values close to the breakpoint (2 mg/ ml) and higher than those determined by the agar dilution method. 36, 39 Additionally, two of the three cases were associated with mortality. The role of vancomycin in the treatment of high but susceptible vancomycin MIC isolates of MRSA has raised controversial discussions. Several studies have explored the clinical significance of vancomycin MIC in S. aureus infections and have demonstrated episodes of vancomycin treatment failure with a high MIC ( ‡ 1.5 mg/ml by the Etest). 44, 45, 48 By contrast, others authors observed no association of mortality with increasing vancomycin MICs. 27, 40 However, treatment recommendations continue to support vancomycin for MRSA bacteriemia for isolates with vancomycin MIC values £ 2 mg/ml, and changes to therapy should be guided by the patient's clinical response. 30 One MRSA isolate was mecA negative and mecC negative (data not shown), suggesting that the mechanism responsible for b-lactam resistance might be b-lactamase hyperproduction or changes in affinity of penicillin-binding proteins.
Although the hVISA phenotype has been described mainly from MRSA, it has also been reported from MSSA strains. 1, 14, 35 Our results revealed that 2/3 cases were MRSA and 1/3 MSSA strains, all of them presenting different genotypes. Therefore, hVISA strains recovered during the study period are not clonally related, indicating that this emergence is the result of independent genetic events. By contrast, other surveillance studies have demonstrated hVISA clonal dissemination with higher prevalence values. 14 The two MRSA hVISA strains belong to clonal complex 5, one of them related to HA-MRSA Cordobés clone (ST5-SCCmec I) and the other to the Argentine pediatric clone (ST100-SCCmec IV NV ). Clonal complex 5 is widely distributed in Argentina and also around the world. 4,9,10,43 It has been described that this genotype has an extraordinary genomic plasticity, which might explain the large proportion of hVISA, VISA and all the VRSA strains belonging to this lineage. 21, 24 Although the ST30-SCCmec IVc-pulsotype C clone, recently described as the main cause of CA-MRSA infections in Argentina, 8, 31 was the most frequent CA-MRSA clone recovered in this study, we found no hVISA strains belonging to this lineage. To our knowledge, only one hVISA strain has been described within Clonal Complex 30, carrying SCCmec I. 21 Regarding the clinical significance of these strains, in this study we found a significant association between hVISA phenotype and multiple episodes of bacteremia. In addition, 2/3 hVISA were MRSA strains recovered from persistent/ recurrent bacteremias and selected after vancomycin treatment. As reviewed by Howden et al., 20 the emergence of hVISA after vancomycin therapy has been reported by several authors. Therefore, the presence of this phenotype should be considered in face of patients with these clinical situations. However, one hVISA isolate was recovered from a MSSA bacteremia not treated with vancomycin. Related to this, in a retrospective study, Yamakawa et al. reported the emergence of hVISA before vancomycin introduction in Japan. 50 Limitations of this work should be mentioned. The small number of hVISA isolated in this study are insufficient to generalize conclusions about the appropriate screening methods for the detection of this phenotype and our observations have to be corroborated with a higher number of strains by further surveillance studies in Argentinean clinical settings. Nevertheless, these results constitute an important contribution to phenotypic, genetic, and clinical knowledge of hVISA, especially considering that most of the published reports originate from developed nations, and data from Latin American countries are grossly underrepresented. Nonetheless, further epidemiological surveillance in Argentinean settings is required for a better understanding of this phenomenon and its evolution.
Conclusions
This study makes several key observations. We describe for the first time the prevalence and molecular characterization of hVISA isolates in a teaching hospital of Buenos Aires (Argentina). The hVISA phenotype occurred in 3.3% of the S. aureus bloodstream infections and no VISA isolate was recovered. Even if the prevalence is still relatively low compared to other studies, the clinical impact is concerning as a significant association between hVISA phenotype and multiple episodes of bacteremia isolates was determined. The majority of reported hVISA and VISA isolates evolved from MRSA strains, nevertheless in this study 1/3 hVISA were detected among MSSA isolates, consequently this result highlight the importance of screening hVISA phenotype in MSSA isolates as in MRSA.
The results of molecular typing indicate that the hVISA isolates were genetically diverse. The two methicillinresistant hVISA isolates belong to MRSA clones previously disseminated in Argentina.
In addition, our results show that the combination of Etest MIC > 1 mg/ml, macro Etest value ‡ 6 mg/ml, and the prediffusion method could be considered in future studies as useful strategies to predict likelihood of hVISA in laboratories where PAP-AUC testing is not performed routinely, especially in cases of persistent/recurrent bacteremia.
